Multiclass analysis method was optimized in order to analyze pesticides traces by gas chromatography with ion-trap and tandem mass spectrometry (GC-MS/MS). The influence of some analytical parameters on pesticide signal response was explored. Five ion trap mass spectrometry (IT-MS) operating parameters, including isolation time (IT), excitation voltage (EV), excitation time (ET), maximum excitation energy or "q" value (q), and isolation mass window (IMW) were numerically tested in order to maximize the instrument analytical signal response. For this, multiple linear regression was used in data analysis to evaluate the influence of the five parameters on the analytical response in the ion trap mass spectrometer and to predict its response. The assessment of the five parameters based on the regression equations substantially increased the sensitivity of IT-MS/MS in the MS/MS mode. The results obtained show that for most of the pesticides, these parameters have a strong influence on both signal response and detection limit. Using the optimized method, a multiclass pesticide analysis was performed for 46 pesticides in a strawberry matrix. Levels higher than the limit established for strawberries by the European Union were found in some samples.
Introduction

P
esticides are used to protect crops before and after harvest from infestation by pests and plant diseases. A consequence of their use may be the presence of pesticide residues in treated products, fruits, vegetables, grains, and other commodities. Even after being washed, stored, processed, and prepared, some pesticide residues may remain in both fresh products and processed foods. Therefore, multiresidual methodologies that can determine a large number of pesticides simultaneously with satisfactory sensitivity and selectivity are highly required [1] . Stringent international food safety standards require monitoring some chemicals in a variety of food samples at trace level with the lowest maximum residue limit (MRL) being set at 10 ng/g (UE) [2, 3] . Gas chromatography coupled to an electron capture detector (GC-ECD), a nitrogen phosphorus detector, and different other detectors are still widely used as analytical technique for the trace analysis of pesticides in various environmental and food matrices with high sensitivity [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . Nowadays, the use of mass spectrometry (MS) detection for a proper and accurate analyte identification together with the electron ionization (EI) mode and the GC retention time information is essential [2, [14] [15] [16] . Ion trap (IT) GC-MS has the potential to identify analytes at trace levels and to avoid the influence of matrix components as well as allows for selective analysis by MS/MS. This could be achieved by collision-induced dissociation (CID) of a selected unique precursor ion that produces ions in sufficient abundance ratios specific to the detection of a particular molecule [2] . In order to attain high sensitivity to achieve low detection limits, the instrumental parameters of IT-MS affecting the performance of this system must be thoroughly optimized [14] . Although parameters for some compounds are available in MS/MS libraries, the optimization of GC-MS/MS parameters is indispensable in order to run with best efficiency [17] [18] [19] [20] . There are a few papers describing the optimization and the best parameters for each analyte in a given apparatus [2] . The optimization of GC-MS/MS system requires assessing IT-MS parameters influence by the approach of changing one-factor-at-a-time (OFAT) [2] . This approach does not give information on interactions between factors, so it can miss the optimal settings when interactions do occur. Statistically designed experiments such as Plackett-Burman and central composite designs can help to optimize analytical parameters much more efficiently and in less experimental runs [19] . Optimization of MS/MS parameters is a hard work for each analyte; hence, knowledge of optimal values will save considerable time in analytical method development.
The aim of the present study was to establish an overall analytical method and optimization of a set of instrumental parameters in order to attain the highest possible sensitivity for pesticides determination. Particular attention was paid to the optimization of five IT-MS parameters, namely, the duration of the ion isolation waveform voltage [isolation time (IT)], the duration of the ion excitation [excitation time (ET)], the mass range window around the ion of interest [isolation mass window (IMW)], excitation voltage (EV) and the maximum excitation energy (q), which is defined as the amount of energy that holds a precursor ion in the ion trap during excitation.
In this work a visual basic for macro applications in Microsoft Excel was created to compute the signal response based on the best regression model for all possible combinations among the five parameters in a total of 2160 arrangements and save the maximum value. Bearing all this in mind, a GC-MS/MS based multiresidue analysis method was developed covering 46 pesticides, including pyrethroids, organophosphorus, carbamates, strobilurines, pyrimidines, thiophthalimides, dinitrophenols derivative, azoles, anilides, dicarboximides, anilinopyrimidines, aryloxyphenoxy propionic acids, 2,6-dinitroanilines, triazines and a set of persistent ones such as organochlorines. The optimized method was then used in the screening program and the levels of these pesticides in strawberries are reported in this paper.
Materials and Methods
Chemicals and Preparation of Standard Solutions
Reference standards were purchased from Sigma Aldrich (Steinheim, Germany), Riedel-de Häen (Seelze, Germany), and Chem Service (West Chester, PA, USA). Stock standard solutions (approximately 2000 μg.L -1 ) were prepared by dissolving reference standards in nhexane and methanol and were stored in a freezer at 4°C
. Working pesticide standard mixtures were prepared by dilution of stock solutions in n-hexane. n-Hexane and methanol were chromatographic grade and were supplied by Merck (Darmstadt, Germany).
Apparatus
GC-MS/MS instrument, TRACE GC Ultra (Thermo Fisher Scientific, Austin, TX, USA) gas chromatograph coupled with a Polaris Q ion trap mass spectrometer was used. The system included an AS-3000 autosampler. A ZB-XLB capillary column from Phenomenex (30 m × 0.25 mm × 0.25 μm) was used for chromatographic separation. The system was controlled by Xcalibur software, ver. 1.3. The interface line and ion source temperatures were maintained at 250°C in all experiments. Injections (2 μL) were done in the splitless mode. MS/MS conditions such as isolation (wideband application (IMW), isolation time (IT)), fragmentation (excitation time (ET) and voltage (EV) and factor "q" were optimized for each analyte, beginning with the following base conditions: factor q00.45, EV01 V, IT012 ms, ET015 ms, IMW01 and carrier flow 1.3 mLmin -1 .
Gas Chromatograph Conditions
The column oven temperature was programmed as follows: initial temperature 40°C (held for 1 min), increased by 30°C /min to 220°C (held for 5 min), increased by 10°C/min to 250°C and held at this temperature for 20 min and finally increased again by 5°C/min to 285°C and held at this temperature for 5 min. The mass spectrometer was operated in electron ionization (EI) mode at 70 eV with an external ionization source. The inlet temperature was 240°C and helium (purity≥99.999 %) was used as carrier gas at 1 mL/ min and the injection volume was 2 μL. The ion source temperature was 250°C and the electron multiplier was operated at 2100 V (autotune to gain of 1×10 7 ).
Limit of Detection
The limit of detection (LOD), also defined as the lowest concentration that the analytical process can differentiate from background levels, was estimated for a signal-to-noise ratio (S/N) of three from the chromatograms analysis.
Multiple Linear Regression Analysis
For each pesticide, multiple linear regression tests were conducted in order to estimate the relationship between the statistically significant parameters of IT-MS/MS detection and the instrumental signal response by fitting a linear equation to observed data.
Macro Edition in Microsoft Excel
A visual basic for macro applications (VBA) was developed in Microsoft Excel in order to assess the maximum of 8 ET× 6 IT×5 EV×3 q×3 IMW combinations, available in the IT-MS/MS detector, based on the predicted value determined by the multiple regression equation.
Sampling
Strawberries were collected in the first week of May in 2009 and 2010 from crops in the center of Portugal. Different varieties of strawberries were collected including Siba, Camarosa, Festival, and Albion. Samples determined to be without any target analytes were used as blank strawberry samples. The samples were analyzed following the procedure described below.
Extraction and Cleanup Procedures
The selected QuECh-ERS (EUMIV50CT-VP) and cleanup (CUMPS15C18CT) were obtained from UCT (Bristol, PA, USA). For the initial extraction step, an amount (10 g) of chopped strawberries was weighted into a 50 mL centrifuge tube and 50 μL of internal standard (IS) solution was added. The strawberry sample was left during 30 min at room temperature to let the n-hexane evaporate before the addition of 10 mL of acetonitrile. The resulting solution was shaken for 1 min followed by the addition of 6 g anhydrous magnesium sulfate, 1.5 g sodium chloride, 1.5 g trisodium citrate dihydrate, and 0.75 g disodium hydrogenocitrate sesquihydrate. The centrifuge tube was capped and shaken vigorously for 1 min to prevent salt agglomeration before centrifugation at 3000 rpm for 5 min at room temperature. An aliquot of 1.5 mL was sampled from the upper layer into a 2 mL cleanup vial containing 150 mg primary secondary amine (PSA), 150 mg MgSO 4 , and 50 mg C18 and again vortexed for 1 min and then centrifuged for 5 min at 4000 rpm at room temperature. From the upper layer of the prepared sample, an aliquot of 1.0 mL was transferred into a vial and put under a mild stream of nitrogen to dryness. Finally, 1 mL of n-hexane was added to dissolve the residue and then 2 μL of this solution was injected onto the gas chromatograph.
For fortification studies, 10 g of strawberry sample free of detectable pesticides were spiked and homogenized at 50, 200, and 400 μg.kg -1 levels for each pesticide. In the case of organochlorine pesticides 30, 90, and 180 μg.kg -1 levels were used. The mixture was left for 30 min before the beginning of the extraction process. Samples were then prepared according to the procedure aforementioned.
Results and Discussion
The optimization of MS/MS parameters in IT-MS was carried out in four steps: (1) isolation of precursor ion and subsequent product ion selection, (2) screening analysis, (3) multiple linear regression test to check the importance of each parameter on the signal response, fitting data to linear and second order models for the significant parameters and model discrimination, and finally (4) combinatorial optimization based on the best previously chosen model.
Isolation of Precursor Ion and Product Ions Selection
The most abundant ion from the spectra of the different pesticides was selected as precursor ion and it was then isolated in the ion trap and fragmented by collision induced dissociation (CID). The two most abundant product ions, Q 1 and Q 2 [1] were selected and monitored and the spectrum was obtained with the default operating parameters from the GC-MS/MS system (IT012 ms, ET015 ms, IMW01, q0 0.45, EV01.0 V) ( Table 1) .
Screening Analysis
Different values of EV, ET, IMW, q, and IT were set up by a one-factor-at-a-time (OFAT) method, meaning that when one parameter is changed the others are fixed at their default value. Regarding a multiclass pesticides signal maximization, the search of the best IT-MS parameters is necessary. Thus, the parameters were varied in order to determine the suitable values at which both absolute peak area of the product ions and signal to noise (S/N) ratio were maximized for the 46 pesticides under investigation. The concentration of the standard mixture solution used in this work was 150 μg.L -1 . The results obtained for the signal to noise ratio by OFAT experiments are shown in Figure 1 . An example of OFAT study (HCB) concerning the dependence of q factor on area response is shown in Figure S1 (Supplementary Information). An important increase of area was observed when "q" factor increases from 0.225 to 0.45 ( Figure 1q ). This increase is more remarkable for HCB, vinclozolin and bifenthrin. In particular, bifenthrin achieved a LOD of 1.61 μg.L -1 for q0 0.255 and a LOD of 0.49 μg.L -1 for q00.45, whereas HCB attained higher sensitivity as "q" rose with a LOD decrease from 11.25 μg.L -1 to 0.68 μg.L -1
. Figure 1 (IMW) shows a variation in signal response of HCB, diazinon, pyrimethanil, and tolylfluanid as a result of IMW change.
In the case of IT, the variation in signal response was more pronounced for diazinon, bifenthrin, alachlor, and tolylfluanid [ Figure 1 (IT)]. The S/N values for pyrimethanil and cyprodinil showed a maximum for IT012 ms.
As to EV dependence, the pesticides with higher variation in signal to noise value were diazinon, bifenthrin, alachlor, pendimethaline, and tolylfluanid [ Figure 1 (EV)].
As shown in Figure 1 (ET), some pesticides (diazinon, bifenthrin, DDT, pyrimidine pesticides, pendimethaline, tolylfluanid, and myclobutanil) revealed a random variation with respect to ET influence.
Hence, for some pesticides, it seems that better LODs can be achieved by changing the IMW to detect neighboring ions or by varying other parameters of the ion trap (i.e., IT, ET, EV, or q).
This screening analysis proves that the variation of one parameter can mean a change in the response, so the importance of applying statistical studies may allow the prediction of the best parameter conditions. The regression equations for the analytical response (Y) in terms of the factors (x i ) are as follows:
Second order :
where β 0 is the independent coefficient; n refers to the number of significant factors to a maximum of 5, x i are the values of IT-MS parameters (factors), β i represent the coefficients for the main effect; and β ij are the coefficients for the second order effect where i01,2,3,4 and 5 stands for IMW, IT ET, EV, and q, respectively.
Test for Significance of Regression
The test for significance of regression is a statistical test that checks if there is a linear relationship between the response variable y and a subset of the regressor variables x 1, x 2 ,…,x k . The test procedure involves an analysis of variance partitioning the total sum of squares SS T into a sum of squares due to the model (or to regression) and a sum of squares due to the residual (or error), say:
Based on the theory for discrimination of nested models described in textbooks [21, 22] , a comparison between first and second order models was performed. A kind of a likelihood test ratio adapted for regression models was conducted. For this, a statistic T was computed as follows:
for n data points, where k is the number of model coefficients and subscripts 1 and 2 refer to first and second order model, respectively. This ratio obeys to an F distribution, asymptotically for large n, with k 1 degrees of freedom in numerator and n-k 2 degrees of freedom in denominator. For T values greater than F critical the null hypothesis that states that there are no differences between the two models must be rejected. It was proven that the second order model fits the experimental data better in most of the cases with a level of significance of 0.05 as presented in Table 2 . This fact implies the existence of stationary points for the model equation because of the curvature of the surface response. At the same time, the coefficients of determination (R 2 ) were computed for the two models and are also presented in Table 2 . Although the second order model always achieved higher R 2 values, the regression test proves that the ones marked by an asterisk in Table 2 are not significantly better. more of the coefficients belonging to the general Equations 1 or 2. The statistics for testing the significance of any individual regression coefficient is:
Tests on Individual Regression Coefficients
where C jj is the diagonal element of the matrix variancecovariance (X 
where b σ refers to the standard error of regression calculated as:
The IMW is the mass range window around the ion of interest that is isolated for optimization of MS/MS parameters. The multiple regression test proved that the IMW parameter has significant effect in the area response of 1 chloroacetanilide, 4 organochlorines, 4 pyrethrois, 1 thiophthalimide, 1 unclassified, and 1 aryloxyphenoxy propionic acid pesticides. The IMW parameter is not significant for triazines, strobin, pyrimidine, n-methyl carbamate, azole, 2,6-dinitroanilide, phenylsulfamide, and dicarboximide.
Another pertinent parameter for MS/MS optimization is the maximum excitation energy (q), which is defined as the amount of energy that holds a precursor ion in the ion trap during excitation and thus influences the usable mass range.
Only three values (instrument characteristics) can be set for "q." Figure S1 shows the chromatogram of HCB for all acceptable q values. The area response related to q00.45 is 11.5 times higher than with q00.225. Since higher "q" values allow more energy to be deposited in the precursor ion before its dissociation (CID), it can be concluded that these pesticides need more energy for fragmentation. Regarding multiple linear regression test, "q" has a significant effect on the signal response for most of the organochlorine pesticides, 4 pyrethroids, 1 organophosphorus and 1 unclassified pesticide.
The isolation time (IT) of an ion is defined as the duration of the ion isolation waveform voltage applied to isolate a selected precursor ion. An initial value of 12 ms was imposed, which was afterward changed for optimization purposes of the S/N ratio of individual compounds. The test on individual regression coefficients showed that more than half of the studied pesticides were affected by the variation of this parameter.
The EV parameter has significant effect in the area response of 1 chloroacetanilide, 10 organochlorines, 3 triazines, 6 pyrethroids, 1 pyrimidine, 1 thiophthalimide, 3 organophosphorus, 1 unclassified, 1N-methyl carbamate, 1 azole, 1 dicarboximide, 1 2,6-dinitroaniline, 1 aryloxyphenoxy propionic acid, and 1 phenylsulfamide pesticides.
As can be proven in the multiple linear regression test, the excitation time (ET) parameter has effect on the MS/MS determination of about 2/3 of the pesticides tested.
The results showed that an optimum ET parameter with a value of 60 ms holds only for some OCPs. In these cases, the ET value of 60 ms is always combined with an EV value of 2 v, and both these values are the higher ones of the ET and EV range chosen. The EV and ET were significant parameters for 70 % and 67 % of the 46 studied pesticides, respectively.
In summary, the statistical analysis allowed a quick evaluation of the variation in the signal response of certain pesticides as a result of ion trap parameters change. The obtained optimum conditions for the instrumental parameters were used to check the sensitivity of IT-MS. Due to the absence of background signals, high signal-tonoise (S/N) ratios were sought.
Combinatorial Optimization
The aim of fitting experimental data to a regression model was to predict the chromatographic signal response for other IT-MS parameter combinations that were not tested in the laboratory. When the second order linear model (Equation 2) does not significantly fit data better than the first order one (Equation 1), the optimal matching corresponds to any of the extreme points of all allowed significant parameter values. Conversely, if the second order model fits better but the stationary points are not maxima or even if they are but do not match any possible combination of MS/MS parameters, it becomes necessary to screen all allowed combinations and to calculate the response in order to find the maximum S/N ratio. For this purpose, a combinatorial optimization was carried out. A visual basic for applications macro in Microsoft Excel environment was created to evaluate the regression model equation for a maximum of 8 ET×6 IT×5 EV×3 q×3 IMW combinations in a total of 2160 arrangements and save the best value. The maximum signal and optimal match of the MS/MS parameters are presented in Table 3 .
Concerning the excitation voltage (EV) concerns, the value that maximizes the response when this parameter is significant was 0.2 V, except for four organochlorine pesticides (aldrin, dieldrin, methoxychlor, and o,p'-DDT took the value of 2.0 V) and several others where the EV had no significant effect on the signal response (e.g., lindane, azoxystrobin, β-cyfluthrin, tetraconazole, and iprodione). In general, the optimal ET value was 5 ms corresponding to the lowest allowed value except for some of the organochlorine pesticides for which a value of 60 ms was obtained. The "q" values that maximize the response were 0.30 and 0.45. It can also be extracted from Table 3 that there is a strong correlation between ET and EV parameters. When both parameters are significant there is a linear positive relationship between them.
Validation Process
Analyte fortification was carried out by applying a known concentration of the 46 pesticides to a known quantity of blank strawberry. Following fortification, spiked samples were allowed to equilibrate 30 min at room temperature prior to extraction. Linearity of the analytical method described was studied using calibration curves with six concentration levels ranging between 5 and 250 μgkg -1 . The calibration curves were linear given that the determination coefficients were always higher than 0.99 for all pesticides. For all 46 studied pesticides, the LODs were lower than 12 μgkg -1 . The results indicate that the LOD is adequate for food safety.
Recovery was studied in a spiked strawberry sample at three levels of concentration. The majority of the pesticides gave satisfactory recoveries (ranging from 70 % to 120 %). Despite diazinon (60 %) tolylfluanid (62 %), and p,p'-DDE (59 %) in the lower spiking level, and mepanipyrim (139 %), myclobutanil (154 %), tetraconazole (131 %) and fludioxonil (132 %) in the higher spiking level, all others had satisfactory recoveries (in a range from 70 % to 120 %) after QuEChERS and cleanup steps.
Screening of Unknown Samples
The optimized method using the 46 multiclass pesticide screening program was applied to Portuguese strawberry samples. In each unknown sample, the target (quantifier) and qualifier MRM transitions of each test compound (Table 1) were monitored. Five percent of all samples examined contained levels of organochlorine pesticides greater than the limit established by the European Union for strawberry samples. The highest value was 27.30 μg.kg -1 for lindane [5] .
In only three samples, residues of fludioxonil, bifenthrin, mepanipyrim, tolylfluanid, cyprodinil, tetraconazole, iprodione, and malathion were detected, and the concentrations were much lower than their harmonized EU MRL. The highest concentration was obtained for iprodione (1071 μg.kg -1 ), which is lower, however, than the MRL value. Looking for positive pesticide residues, except for organochlorine pesticides that are stable and very persistent in the environment, most of the others are commonly used in strawberries crops.
Conclusions
The selected optimization strategy based on multiple linear regression allows for an efficient method development. It is not only helpful to optimize all compounds or a group of them, as it can also help to establish the optimum values for all parameters of the MS/MS system. In the case of OCPs (aldrin, dieldrin, endrin, lindane, and methoxychlor) that tend to be very persistent in the environment, it is proposed that because of their stable structure, higher ET (60 ms) and EV (2 v) are required to achieve the best signal response. The results showed that certain pesticides, which have low signal in MS/MS, also showed poorly to fit in the models. The applicability of the method was demonstrated by analysis of real samples (strawberries), resulting in good quality control data, thus making possible rapid and reliable determination of the targeted pesticides. This paper shows that the statistics study is a useful tool to optimize this kind of analytical parameters. Particularly, multiple linear regression was an important tool to predict the "best" combination of IT-MS parameters to maximize the analytical response within the range of values experimentally tested in this work.
